The ATP-dependent chromatin-remodeling complex SWR1 exchanges a variant histone H2A.Z/H2B dimer for a canonical H2A/H2B dimer at nucleosomes flanking histone-depleted regions, such as promoters. This localization of H2A.Z is conserved throughout eukaryotes. SWR1 is a 1 megadalton complex containing 14 different polypeptides, including the AAA+ ATPases Rvb1 and Rvb2. Using electron microscopy, we obtained the three-dimensional structure of SWR1 and mapped its major functional components. Our data show that SWR1 contains a single heterohexameric Rvb1/Rvb2 ring that, together with the catalytic subunit Swr1, brackets two independently assembled multisubunit modules. We also show that SWR1 undergoes a large conformational change upon engaging a limited region of the nucleosome core particle. Our work suggests an important structural role for the Rvbs and a distinct substrate-handling mode by SWR1, thereby providing a structural framework for understanding the complex dimer-exchange reaction.
INTRODUCTION
Inside the nucleus, eukaryotic DNA condenses into chromatin by associating with evolutionarily conserved histone proteins H2A, H2B, H3, and H4. About 150 DNA base pairs wrap around a histone octamer, which comprises one (H3/H4) 2 tetramer and two H2A/H2B dimers, to form the nucleosome (Luger et al., 1997) . Essential nuclear activities are regulated by processes that target the nucleosome. These processes are best characterized at gene promoters, where the biophysical properties, position, and composition of nucleosomes are strictly regulated. This results in a stereotypical chromatin structure that includes a histone-depleted region flanked by labile yet well-positioned nucleosomes containing the evolutionarily conserved histone variant H2A.Z (Albert et al., 2007; Raisner et al., 2005; Tolstorukov et al., 2009 ). ATP-dependent chromatin remodeling complexes (remodelers) play a significant role in the regulation of promoter chromatin (Badis et al., 2008; Hartley and Madhani, 2009; Zhang et al., 2011) .
Remodelers are conserved multisubunit complexes that can directly alter nucleosomal position and composition. All remodelers contain an ATPase domain-a member of the superfamily 2 (SF2) of translocases-within their core subunits (Clapier and Cairns, 2009) . They also harbor domains located in cis to the ATPase that can regulate its ATPase activity (Clapier and Cairns, 2012; Hota and Bartholomew, 2011) and bind accessory subunits (Szerlong et al., 2008) and/or histone modifications (Clapier and Cairns, 2009 ). These auxiliary domains are the basis for the common classification of remodelers into four subfamilies: SWI/ SNF, ISWI, CHD, and INO80 (Clapier and Cairns, 2009 ). Many remodelers collaborate at gene promoters to regulate transcriptional competency. Complexes of the SWI/SNF and ISWI subfamilies establish a nucleosome-depleted region around the promoter, thus exposing it to the transcriptional machinery (Clapier and Cairns, 2009 ). SWR1, a member of the INO80 subfamily, is targeted to this region to deposit H2A.Z at flanking nucleosomes (Hartley and Madhani, 2009; Kobor et al., 2004; Krogan et al., 2003; Venters and Pugh, 2009 ). H2A.Z has been shown to affect the stability of its host nucleosome (Park et al., 2004; Suto et al., 2000) , higher-order chromatin folding (Fan et al., 2002 (Fan et al., , 2004 , and recruitment of transcriptional factors (Draker et al., 2012) .
Most remodelers can reposition the nucleosome by ''sliding'' the histone octamer along the DNA. Although this activity depends on ATP-dependent DNA translocation by the core ATPase (Saha et al., 2002 (Saha et al., , 2005 Zofall et al., 2006) , remodelers function as multisubunit complexes (Clapier and Cairns, 2009 ). This highlights the importance of understanding how functional components assemble together into a remodeling machine and how this machine engages the nucleosome substrate.
Structural approaches aimed at answering these questions are limited in number and resolution due to the complex compositions (2-15 subunits) and relatively large sizes (200-1,400 kDa) of remodelers (Leschziner, 2011) . Nevertheless, they have provided some significant mechanistic insights. For example, a three-dimensional electron microscopy (3D EM) structure of the RSC complex (Chaban et al., 2008) showed it enveloping the nucleosome within a central cavity. The structure of nucleosome-bound ACF revealed that two remodelers bind to one nucleosome (Racki et al., 2009) , which may underlie its ability to ''measure'' linker DNA and generate arrays of evenly spaced nucleosomes. In contrast to these ''sliders,'' SWR1 has evolved a mechanism for dimer exchange (Luk et al., 2010; Mizuguchi et al., 2004) , which involves ejecting a resident H2A/H2B dimer from the substrate nucleosome and inserting a H2A.Z/H2B dimer in its place ( Figure 1B) . SWR1 functions as an $1 MDa complex containing 14 different polypeptides. Detailed dissection of its composition revealed three multisubunit modules that assemble on the core, catalytic subunit Swr1 ( Figure 1A ) (Wu et al., 2005 (Wu et al., , 2009 . The N-terminal half of the Swr1 polypeptide contains the helicase-SANT-associated (HSA) domain, which interacts with nuclear actin-related proteins (Arps) (Szerlong et al., 2008) . The Bdf1-Arp4-Act1-Swc4-Yaf9-Swc7 module-referred to as the N-Module here-is recruited to this region (Wu et al., 2005) . Arp4 has been shown to interact directly with canonical nucleosomes and histones (Galarneau et al., 2000) , Swc4 contains a SANT domain implicated in binding unmodified histone tails (Boyer et al., 2004) , and Bdf1 contains tandem bromodomains with affinity for acetylated histone tails (Jacobson et al., 2000; Pamblanco et al., 2001) . Therefore, the N-Module is likely involved in the targeting and binding of SWR1 to hyperacetylated nucleosomes. The core ATPase domain resides in the C-terminal half of Swr1 and harbors within it a long insert domain that is characteristic of the INO80, or ''split-ATPase,'' subfamily. This insert facilitates association of the two remaining modules, Swc3-Swc2-Arp6-Swc6 (termed here the C-Module) and the putative hexameric helicases Rvb1 and Rvb2 (Wu et al., 2005) , the latter module being another distinguishing characteristic of the INO80 subfamily. The C-Module binds the H2A.Z/H2B dimer, which is to be incorporated into the nucleosome, via the Swc2 subunit (Wu et al., 2005) . Finally, Rvb1 and Rvb2 are AAA+ ATPases that can form homohexameric (Matias et al., 2006) , heterohexameric (Gribun et al., 2008) , or dodecameric ring structures (Cheung et al., 2010a (Cheung et al., , 2010b Puri et al., 2007; Torreira et al., 2008) in isolation. Their oligomeric state in large complexes is not known structurally, although it has been suggested that they exist as a dodecamer, or double rings, in the SWR1-related INO80 complex (Kapoor et al., 2013; Shen et al., 2000) .
To address how functional modules of a dimer exchanger assemble as a complex, we have undertaken a multipronged approach to characterize the molecular architecture of SWR1 from Saccharomyces cerevisiae. Using EM, we have determined the 3D structure of SWR1 and mapped the locations of all functional modules. Our results show that the substrate-handling N-and C-Modules are arranged side-by-side and bracketed by the Swr1 ATPase and a single hexameric Rvb1/Rvb2 ring. Furthermore, neighboring relationships within SWR1, determined by chemical crosslinking and mass spectrometric (CX-MS) analysis (Leitner et al., 2010) , show that its components are highly interconnected. Finally, our reconstruction of a SWR1-nucleosome cocomplex reveals a large conformational change in the enzyme, which only forms limited contacts with the nucleosome substrate. Our data provide a structural framework for understanding SWR1's unique dimer-exchange activity.
RESULTS

3D Reconstruction of SWR1
We used 3D EM to determine the structure of SWR1 obtained from S. cerevisiae. Although the affinity-purified sample appeared biochemically pure, with all 14 SWR1 components and no visible contaminants ( Figure 1C ), it was structurally heterogeneous when observed under the electron microscope Table S1 , and Movie S1.
( Figure S1B available online). To overcome this, we adapted the GraFix (Gradient with Fixation) technique, which uses a combined glycerol and crosslinker gradient ( Figure S1A ) to both stabilize and purify macromolecular assemblies (Kastner et al., 2008; Stark, 2010) . We chose formaldehyde as the crosslinker because reversibility of the crosslinks would allow us to verify where in the gradient all SWR1 components were present (Figure S1A) . We then imaged individual fractions to identify the most homogeneous sample for data collection ( Figure 1D ).
We obtained initial, low-resolution models of SWR1 using the Orthogonal Tilt Reconstruction (OTR) approach (Leschziner, 2010) and negatively stained samples ( Figures S1C and S1D ).
To refine the models, we used cryo-negative stain (cryo-NS) data, which benefit from the high contrast provided by the heavy-atom stain and the structural integrity of frozen-hydrated samples (De Carlo and Stark, 2010) . We performed projectionmatching refinement, first against reference-free class averages and then against single particles ( Figure S2A ). The resulting 3D structure ( Figure 1E ; Movie S1) has an estimated resolution of 28 Å (0.5 Fourier Shell Correlation [FSC]) ( Figure S2B ). Twodimensional (2D) projections calculated from this structure show a good match to reference-free class averages obtained from the cryo-NS data ( Figure S2D ).
The SWR1 Complex Contains a Single Heterohexameric Rvb1/Rvb2 Ring Our 3D map of SWR1 shows a clear ring-shaped density with hexameric features ( Figure 1E , left, and Figure 2 ), which fits well the crystal structure of a hexamer of RuvBL1 (Matias et al., 2006) , the human ortholog of Rvb1 ( Figures 2D-2H ). The orientation in our docking indicates that the Rvb insert domains ( Figure 2D ) mediate the ring's interaction with the core of the SWR1 complex. Docking the RuvBL1 in the opposite orientation, with the insert domains facing away from the core of SWR1, results in a much poorer fit ( Figure S3 ). The flexible Rvb insert domains (Ló pez-Perrote et al., 2012) protrude from the EM map ( Figures 2G and 2H ), suggesting that they undergo a rearrangement in SWR1. We also attempted to dock a 13 Å cryo-EM structure of a Rvb1/Rvb2 dodecamer from S. cerevisiae (Torreira et al., 2008) into our structure, but only one of its two rings fits the SWR1 density well (Figures 2A-2C ). We further validated our structural data by performing a quantitative analysis of the Swr1:Rvb1:Rvb2 stoichiometry, which we determined to be $1:3:3 in the affinity-purified sample ( Figure 3 ) and GraFix-treated fractions ( Figure S1A ), consistent with the presence of a single hexameric ring in SWR1. This stoichiometry does not appear to be a feature unique to SWR1 because we obtained similar results for the related INO80 complex ( Figure S4 ).
Although both Rvb1 and Rvb2 copurify with Swr1 (Mizuguchi et al., 2004) , it was formally possible that two populations of SWR1 coexist, each containing a homohexameric ring of either Rvb1 or Rvb2. Using CX-MS (Leitner et al., 2010) , we identified a crosslink between Rvb1 and Rvb2 ( Figure 5 ; Table S2 ). All homotypic (Rvb1-Rvb1 or Rvb2-Rvb2) crosslinks we identified corresponded to distances most compatible with intramolecular crosslinks (Table S2) , whereas the Rvb1-Rvb2 crosslink agrees with the expected intersubunit interface based on a homology model of the S. cerevisiae Rvb1 and Rvb2 heterohexamer (Figures 5B and 5C) . Thus, we conclude that SWR1 contains a single Rvb1/Rvb2 heterohexamer.
The N-and C-Modules Form Discrete Structural Entities Bracketed by Rvb1/Rvb2 and the Swr1 ATPase To determine the locations of the N-and C-Modules in the SWR1 structure, we characterized stable subcomplexes containing Swr1 and Rvb1/Rvb2, and either the N-or C-Module (Wu et al., 2009) (Figures S5A and S5C ; Table S1 ). We named We aligned and classified cryo-NS images to obtain 2D class averages, or views, of the subcomplexes. A comparison of these views with those from the full complex and 2D reprojections of the SWR1 structure led to two major observations. First, in the absence of either $300 kDa module, the remaining SWR1 components assembled into a structure very similar to that of the corresponding portion of the full complex (Figures 4C, S4B, and S4D). Notably, an $400 amino acid truncation in Swr1 did not significantly impact the assembly of the remaining subunits in SWR1-DN-Mod, suggesting that the N-and C-terminal halves of Swr1 fold independently of each other. Second, two major features were retained in both subcomplexes: the Rvb1/Rvb2 ring, and a prominent density distal to it ( Figures  4C, S4B, and S4D ). Because the subcomplexes only share Rvb1, Rvb2, and the catalytic bulk of Swr1, we conclude that the latter occupies the large density distal to the Rvb1/Rvb2 ring ( Figure 4D ).
Next, we performed difference mapping between class averages of each subcomplex and those of full SWR1 for three different views of ( Figure 4C ). This analysis identified the locations of the C-and N-Modules. They form structurally discrete entities arranged side-by-side and bracketed by the Rvb1/ Rvb2 ring and Swr1 ( Figures 4C and 4D) . These results allowed us to generate a low-resolution annotation of the 3D map (Figure 4D) . Further support for this annotated map was provided by the general agreement of the theoretical molecular weights of the modules with those calculated from the corresponding densities in the EM map ( Figure S5E ).
Isotopic Crosslinking-Mass Spectrometry Maps Subunit Arrangement within SWR1
We used isotopic CX-MS (Leitner et al., 2010) to determine the spatial organization of SWR1 subunits in more detail. Our results confirmed a number of the previously determined interactions ( Figure 5 ; Table S2 ). Specifically, we observed crosslinks connecting the N-Module with the N-terminal half of Swr1 (Swc4-Swr1), the C-Module with the C-terminal half of Swr1 (Swc3-Swr1), and Arp4 with Swc4 within the N-Module (Figure 5A ; Table S2 ). Additionally, we obtained crosslinks connecting the small subunit Swc5 with both the N-and C-terminal halves of Swr1, in agreement with data showing that Swc5 requires the full SWR1 polypeptide to be present in the complex (Wu et al., 2009) .
We also observed additional crosslinks that suggest a high degree of interconnectedness among SWR1's functional modules. The Rvb1/Rvb2 ring, previously shown to require the long insert in the ATPase domain of Swr1 to assemble into the full complex (Wu et al., 2005) , crosslinked to the N-terminal half of Swr1 (its HSA domain) via Rvb1, the N-Module (Rvb1-Arp4), and the C-Module (Rvb2-Swc2) ( Figure 5 ; Table S2 ). The N-and C-Modules also crosslinked to each other, through Bdf1-Swc2 and Arp4-Swc3 ( Figure 5A ; Table S2 ). Finally, Swc5 crosslinked to the N-Module via two interactions with Act1 and Yaf9 ( Figure 5A ; Table S2 ). Understanding the functional significance of these novel spatial relationships will require future work combining biochemistry and finer subunit mapping in SWR1.
SWR1 Adopts an Extended Conformation in the Presence of a Nucleosome
Our 3D reconstruction of SWR1 does not show a central cavity that could accommodate a nucleosome, as has been observed for the RSC complex (Chaban et al., 2008; Leschziner et al., 2007) . To explore the possibility that SWR1 interacts with its substrate nucleosome in a different manner, we obtained the structure of SWR1 bound to a nucleosome. We used a nucleosome with a single 43 bp linker based on a characterization of the effect of linker length on nucleosome binding by SWR1 (Ranjan et al., 2013) . Preliminary gel-shift studies showed similar binding of SWR1 to the nucleosome in the presence or absence of ATP (Ranjan et al., 2013) . Therefore, we carried out an in vitro nucleosome-binding reaction in the absence of nucleotide ( Figure S6A ) and purified the sample using GraFix (Figure S6B) . Western blotting confirmed the cosedimentation of histones with SWR1 in the glycerol gradient ( Figure S6C ), and the sample exhibited retarded electrophoretic mobility on a native gel relative to apo-SWR1 that had been similarly purified SWR1 was affinity purified and resolved on 4%-12% Bis-Tris gels. Gels were stained either with Coomassie blue (left) or SYPRO Orange (right) and digitized. The intensities of the Rvb1 and Rvb2 bands, relative to Swr1-FLAG, are shown in the tables below the gels. See also Figure S4. ( Figure 6A ). This suggested that a majority of the SWR1-nucleosome sample contained nucleosome-bound complexes. We imaged this sample under cryo-NS conditions.
To obtain the 3D reconstruction of the SWR1-nucleosome complex, we first refined our apo-SWR1 model, obtained by refining the OTR model against 2D class averages of apo-SWR1, against 2D class averages generated from the SWR1-nucleosome data ( Figure S7A ). Using the resulting 3D map as a starting model, we performed maximum likelihood-based 3D classification (Scheres, 2012a) of the entire single-particle SWR1-nucleosome data set. We obtained five classes that displayed overall structural similarity ( Figure S7B ) and proceeded ATPase and Rvb1/Rvb2 but differ in the presence or absence of subsets of subunits, termed the N-and C-Modules, based on the portion of Swr1 with which they are known to interact (Wu et al., 2009) . (B) SDS-PAGE analysis of SWR1-DN-Mod and SWR1-DC-Mod shows their compositions. The band at the bottom of the gels (*) is the 33 FLAG peptide used to elute the complex from the affinity resin. Both samples were further purified and stabilized through a GraFix gradient before imaging (see text). (C) 2D image analysis of subcomplexes and mapping of N-and C-Modules are shown for three characteristic views of SWR1 (Views 1, 2, and 3). For each view, both SWR1-DC-Mod (top) and SWR1-DN-Mod (bottom) were analyzed. Each row shows, from left to right, (i) the 3D SWR1 structure in the orientation corresponding to that particular view; (ii) a reprojection from the SWR1 structure; (iii) a reference-free class average matching the reprojection; (iv) the corresponding reference-free class average for the subcomplex; (v) a reprojection from a 3D model of SWR1 where the N-or C-Module was digitally removed; (vi) the 3D model of SWR1 used to generate the reprojection in (v); and (vii) a difference map calculated by subtracting the class average of the subcomplex (iv) from that of full SWR1 (iii). The difference map is colored according to the scale shown to the right and is overlaid on top of the class average of full SWR1. The purple and blue arrows point to those structures that are present in both SWR1 and the subcomplexes and are color coded according to the final assignment of molecular identities shown in (D). The yellow arrows point to large features that are present in SWR1 (solid arrow) but absent in SWR1-DC-Mod (hollow arrow). (D) The same three views of SWR1 shown in Figure 1E are now color coded according to the identities of the four functional modules: Swr1, Rvb1/Rvb2, NModule, and C-Module. See also Figure S5 and Table S1. to further refine the one in which all modules could be most easily identified. The resulting 3D structure had a resolution of 34 Å ( Figures 6C and 6E) .
The SWR1-nucleosome structure is elongated relative to apo-SWR1 along an axis perpendicular to the Rvb1/Rvb2 ring ( Figures 6B-6E) . This elongation appears to be the result of an extension, away from the Rvb1/Rvb2 ring, of Swr1 and the C-Module (Figures 6B and 6D ). Difference maps calculated between the apo-SWR1 and SWR1-nucleosome structures support this conformational change ( Figures 6F and 6G ), as does a comparison between reprojections of the apo-SWR1 3D map with reference-free class averages of the SWR1-nucleosome data ( Figures 6I and S7D) . At the reported resolution, we did not observe significant changes in the Rvb1/Rvb2 ring; Swr1 and the C-Module are the major densities that differ in positions between the two structures ( Figures 6F and 6G) . We note that the sample used in this analysis was purified and imaged under identical conditions to nucleosome-free SWR1. Therefore, experimental and computational variations are unlikely to have contributed to the observed conformational difference.
SWR1 Engages the Nucleosome Core Particle via the Catalytic Subunit Swr1
The SWR1-nucleosome reconstruction showed a new density that is contiguous with that of the core subunit Swr1 and extends toward the Rvb1/Rvb2 ring ( Figure 6C and 6E ). This protrusion from Swr1 is also observed in 2D class averages (Figures 6I and S7D) and coincides with a peak in the difference map calculated by subtracting apo-SWR1 from SWR1-nucleosome (Figures 6G and 6H ). We docked a 3D map generated from the yeast nucleosome crystal structure (White et al., 2001 ), filtered to the resolution of the SWR1-nucleosome map (34 Å ), into the EM density. The extra density in our 3D map could accommodate the bulk of the nucleosome (Figures 6J and S7C ). However, this density was not fully resolved, likely due to heterogeneity, both conformational and biochemical, in the data. The 3D map also indicated that the ATPase-containing portion of Swr1 mediates the most significant contact between SWR1 and the nucleosome core particle ( Figures 6K and S7C) .
To confirm the orientation of the bound nucleosome suggested by our data, we generated a model by computationally adding the density of a nucleosome into its putative density in Figure 1A and are drawn proportionally to their mass. The number of amino acids in each polypeptide is indicated to its right. The SWR1 subunits are grouped into the N-Module, C-Module, Rvb1/Rvb2 ring, catalytic subunit Swr1, and Swc5 subunit. Select crosslinks identified in this study are shown with dashed black lines and are numbered (1-13). (B) Mapping of the crosslinks involving Rvb1, Rvb2, and Arp4 to their crystal structures. The Arp4 structure is that of the S. cerevisiae protein (3QB0) (Fenn et al., 2011) , whereas the Rvb1/Rvb2 heterohexamer is a homology model generated for this study using the crystal structure of the human ortholog RuvBL1 (2C9O) (Matias et al., 2006 ) (see Extended Experimental Procedures). The crosslinked lysines are shown as sticks and color coded according to the crosslink partner shown in (A) (except for the residues involved in the Rvb1-Rvb2 crosslink, which are colored green). The numbers placed next to the crosslinked lysines refer to the crosslink numbers shown in (A). The dotted line within square brackets in Arp4 indicates the location of an observed crosslink that maps to a portion of the sequence not resolved in the crystal structure. (C) A view of the Rvb1/Rvb2 ring perpendicular to its plane shows the locations of the identified crosslinks. See also Table S2. our SWR1-nucleosome reconstruction ( Figure 6J ). We then compared reprojections from this composite model against experimental 2D class averages. This analysis indicated that the location and orientation of the modeled nucleosome were in general agreement with the experimental data ( Figures 6I   and S7D ). In this orientation, the nucleosome appears to bind over a central depression formed between the Swr1 ATPase and the Rvb1/Rvb2 ring. One side of the octamer faces the complex, whereas the other side is completely exposed ( Figure S7C ). (F and G) Difference maps were obtained by subtracting (F) SWR1-nucleosome from apo-SWR1 (red densities, superimposed on apo-SWR1) or (G) apo-SWR1 from SWR1-nucleosome (blue mesh, superimposed on SWR1-nucleosome). The structures were filtered to 60 Å before calculating the difference maps. The difference maps were contoured to 6s and represent either those parts of the structure present in apo-SWR1 but absent in SWR1-nucleosome (F) or present in SWR1-nucleosome but absent in apo-SWR1 (G). (H) A side view of the structure in (G) shows the superposition between the new density and a peak in the difference map (black arrow). (I) 2D image analysis of SWR1-nucleosome data for four different views of the complex. The panel shows, from left to right (i) reprojections of apo-SWR1 that best match the view of SWR1-nucleosome analyzed; (ii) the corresponding reprojections of the SWR1-nucleosome reconstruction; (iii) the corresponding reprojections of the SWR1-nucleosome 3D model shown in (J) (the white arrows point to the nucleosome); and (iv) the corresponding reference-free class averages from the SWR1-nucleosome data. 
DISCUSSION Functional Modules Assemble as Structurally Discrete Entities in SWR1
Our study revealed the structure of SWR1 to be composed of structurally discrete domains, with the substrate-binding N-and C-Modules arranged side-by-side and bracketed by the catalytic Swr1 ATPase and the Rvb1/Rvb2 ring ( Figure 4D) . We mapped the ATPase-containing bulk of the core subunit Swr1 to a location distal to the ring, where its position appears to be supported mainly by the N-Module ( Figure 4D ). Consistent with this arrangement, the SWR1-DN-Mod subcomplex exhibited more widespread structural changes than SWR1-DCMod, with changes in the Rvb1/Rvb2 ring detected in the 2D difference maps ( Figure 4C ). Our CX-MS data indicate that Arp4 mediates the N-module's interaction with the Rvb1/Rvb2 ring ( Figures 5 and 7A) . ATP binding by Arp4 has been shown to regulate its association with macromolecular complexes in vivo (Sunada et al., 2005) and may play a regulatory role in the assembly of SWR1.
Our structural analysis of the subcomplexes provided direct visualization of the independent association of the N-and C-Modules with SWR1, as suggested by previous biochemical studies (Wu et al., 2009 ). In the absence of each $300 kDa module, the remaining components still associated in a manner similar to that in the full complex (Figures 4, S5B, and S5D) . Therefore, SWR1 may assemble in a modular fashion that involves stable, preformed functional subcomplexes, as suggested for INO80 (Kapoor et al., 2013 ) and the histone acetyltransferase SAGA (Chittuluru et al., 2011) . We speculate that modular assembly allows for efficient sharing of stable modules among functionally related complexes, thus regulating their recruitment and collective activity. This phenomenon may occur in SWR1, INO80, and the histone acetyltransferase NuA4-three complexes that are recruited to promoters and converge functionally at H2A.Z (Altaf et al., 2010; Mizuguchi et al., 2004; Papamichos-Chronakis et al., 2011) and compositionally at the Arp4-Act1 dimer (Kobor et al., 2004) .
The Rvb1/Rvb2 Ring Provides an Assembly Platform that Connects All Functional Modules in the Complex
We determined structurally and biochemically that Rvb1 and Rvb2 associate with the SWR1 complex as a single heterohexameric ring (Figure 2 ) and established the orientation of the ring relative to the rest of the complex ( Figures 2D, 2H, and S3) . The Rvb inserts, known to be involved in ring-ring interactions in dodecameric structures (Gorynia et al., 2011; Ló pez-Perrote et al., 2012; Torreira et al., 2008) , face the core of SWR1, making them unavailable to interact with a second ring. Our biochemical quantitation of the Rvb1:Rvb2:Swr1 stoichiometry is in agreement with the 3:3:1 ratios indicated by the structural and proteomic data (Figure 3 ). Although $6:6:1 ratios have previously been reported for the highly related INO80 complex (Kapoor et al., 2013; Shen et al., 2000) , suggesting the presence of two hexameric rings, our quantitation for INO80 also resulted in $3:3:1 stoichiometry ( Figure S4 ). Therefore, we conclude that remodelers in the INO80 subfamily are characterized by the presence of a single hexameric Rvb1/Rvb2 ring. Our results modify the previous assembly map of SWR1 (Figure 1A) , which placed Swr1 at the center of the complex, bringing together individual modules via separate domains (Wu et al., 2005 (Wu et al., ,2009 . We now show that Swr1 adopts a peripheral position in the complex, with the catalytic ATPase spatially separated from the Rvb1/Rvb2 ring ( Figure 4D ). Their interaction across the complex may be supported by the long insert within the Swr1 ATPase (Wu et al., 2005) . We found that the N-terminal HSA domain in Swr1 and the HSA-associated Arp4 subunit directly crosslinked to Rvb1 (Figures 5A and 5B ). This indicates that the N-terminal half of Swr1 extends across the complex and may mediate interactions between the N-Module and the Rvb1/Rvb2 ring. We propose that the hexameric ring plays an important structural role as an assembly platform for the independently assembled, substrate-interacting N-and C-Modules. Their side-by-side arrangement may in turn be important for proper spatial coordination of the nucleosome and the H2A.Z/ H2B dimer during dimer exchange.
Our data provide a structural view of a dimer exchanger as a compact and interconnected assembly of discrete functional modules. In such assembly, potential nucleotide-or substratedependent conformational changes in the catalytic ATPase (Lewis et al., 2008) and/or the hexameric ring (Gribun et al., 2008) could efficiently propagate and thus mediate global structural dynamics involved in dimer exchange.
Nucleosome Binding by SWR1
Conformational changes have been reported for nucleosomebound remodelers (Gangaraju et al., 2009 ); however, they have yet to be visualized. Our 3D structure of a SWR1-nucleosome cocomplex, together with the annotated 3D map of SWR1 alone, allowed us to characterize the extension of Swr1 and the C-Module, away from the Rvb1/Rvb2 ring, that occurs upon substrate binding (Figure 6 ). This extension was observed in the absence of nucleotides, suggesting that recognition of nucleosomal features, such as linker DNA, nucleosomal DNA, and/or unmodified histone tails, by various components of SWR1 is sufficient to promote this conformational change.
We showed that SWR1 makes only limited contact with the nucleosome, mediated primarily by the Swr1 ATPase, in contrast to other large remodelers that interact extensively with their substrate. The RSC complex, for example, envelops the nucleosome within a central cavity (Chaban et al., 2008; Saha et al., 2005) , and the SWI/SNF complex contacts $50 bp, or nearly one gyre, of nucleosomal DNA (Dechassa et al., 2008) . We speculate that relatively extensive substrate interactions may be a feature of remodelers that slide the histone octamer. Specifically, as nucleosomal DNA is unraveled from the octamer, these interactions may serve to prevent substrate disassembly. SWR1, however, is the only known remodeler that does not slide the octamer (A.R. and C.W, unpublished data) and shows very limited ATP-dependent mobilization of nucleosomal DNA (Jó nsson et al., 2004; Papamichos-Chronakis et al., 2011) . Therefore, chromatin remodeling by SWR1 may not require large-scale disruptions of histone-DNA contacts, and its limited interaction with the nucleosome may reflect this mechanistic distinction.
Our results do not address contacts that the complex may make with linker DNA, as observed for SWI/SNF (Dechassa et al., 2008) , ISWIs (Dang and Bartholomew, 2007; Yamada et al., 2011) , and suggested for the SWR1-related INO80 complex (Udugama et al., 2011) . Unmodified histone tails may also interact with components of the N-Module, such as Swc4 and Arp4 (Boyer et al., 2004; Galarneau et al., 2000) . All of these potential interactions, which would occur outside of the nucleosome core particle, could stabilize the substratebound conformation revealed by our 3D map. Furthermore, because the 3D map of nucleosome-bound SWR1 was obtained in the absence of nucleotides, it remains to be seen how ATP binding and/or hydrolysis by Swr1 and perhaps Rvb1/Rvb2 may further affect the overall structure of the substrate-bound complex. It has been shown that, whereas the ATPase activity of SWR1 is enhanced upon binding to a canonical nucleosome, which we used in our study, it achieves the highest level of stimulation when the second substrate, the H2A.Z/H2B dimer, is also bound (Luk et al., 2010) . Structural characterization of this fully liganded and highly activated cocomplex should provide important new insights into SWR1 function.
In conclusion, our study presents the 3D structure of SWR1, revealing an interconnected assembly of discrete functional modules. This is also among the first structural characterizations of the functionally diverse AAA+ proteins Rvb1 and Rvb2 in the context of a larger complex. In SWR1, they form a single heterohexameric ring and serve as an assembly platform that connects all functional modules within the complex. Finally, we showed that SWR1 undergoes a large conformational change upon nucleosome binding ( Figure 7B ). The limited interaction between the complex and the nucleosome is distinct from other remodelers and may reflect unique mechanistic aspects of the dimerexchange reaction.
EXPERIMENTAL PROCEDURES
Sample Preparation SWR1 was affinity purified from S. cerevisiae as described by Luk et al. (2010) (see Table S1 for strain information). Nucleosome-bound SWR1 was obtained by incubating 40 pmol recombinant nucleosomes with 10 pmol SWR1 in a 120 ml reaction for 30 min at room temperature. Apo-and nucleosome-bound SWR1 samples were further purified using the GraFix method (Kastner et al., 2008; Stark, 2010) , substituting glutaraldehyde with formaldehyde.
For initial model reconstruction, SWR1 was applied to glow-discharged holey-carbon grids coated with a continuous-carbon support for $30 min at 4 C. The sample was stained with a 2% uranyl formate solution and dried under N 2 gas. For refinement, apo-SWR1 and nucleosome-bound samples were absorbed onto glow-discharged Cu 200-mesh Quantifoil grids with a continuous-carbon support. Staining was carried out as described above, but stained samples were frozen in liquid N 2 immediately after blotting, producing cryo-NS samples (De Carlo and Stark, 2010) .
EM Data Collection
Images were collected at +45 and À45 using a Tecnai G2 Spirit microscope (FEI, Hillsboro) operating at 120 keV and, equipped with a US4000 4 3 4k CCD camera (Gatan, Pleasanton) at a nominal magnification of 68,0003. The pixel size at the sample level was 1.65 Å . Cryo-NS data were collected at liquid nitrogen temperature using a fieldemission gun (FEG) Tecnai F20 transmission electron microscope (FEI) operating at 120 keV and equipped with a Gatan 4 3 4k CCD. Images were collected at a nominal magnification of 62,0003 and an electron dose of $20 electrons/Å 2 . The pixel size at the sample level was 1.73 Å .
Data Processing
Single particles were manually selected from micrographs using the Boxer interface in EMAN1 (Ludtke et al., 1999) . We identified tilt mates using a custom-built SPIDER (Frank et al., 1996) script. Tilted particles were CTF corrected using the CTFTILT program (Mindell and Grigorieff, 2003) . Untilted, cryo-NS particles were phase flipped in EMAN2 (Tang et al., 2007) . Reference-free alignment and classification were carried out in IMAGIC (van Heel et al., 1996) . Initial models were obtained using the OTR method (Leschziner, 2010) . We performed initial projection-matching refinement of the OTR models using class averages obtained from cryo-NS apo-SWR1 data. Refinement was carried out in SPIDER (Frank et al., 1996) using the AP SH and BP 32F functions. The resulting 3D maps were further refined against single cryo-NS particles of apo-SWR1 to obtain the final SWR1 reconstruction, and against reference-free class averages generated from cryo-NS data of SWR1-nucleosome. The latter 3D map was used as an initial model for 3D classification in the RELION program (Scheres, 2012b) . Five 3D classes were generated, and one was further refined against single particles assigned only to that class using the ''Autorefine'' function in RELION.
Isotopic Crosslinking-Mass Spectrometry
We crosslinked $45 mg of sample with 1 mM disuccinimidyl suberate d0/d12 (DSS; Creative Molecules) at 37 C for 30 min and subsequently quenched the reaction by adding ammonium bicarbonate. Trypsin digestion was carried out at 37 C overnight. We enriched for crosslinked peptides using size exclusion chromatography (Leitner et al., 2012) , followed by LC-MS/MS analysis on an Orbitrap Elite mass spectrometer (Thermo Scientific, San Jose). Data analysis was performed using XQuest (Rinner et al., 2008) .
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